Research design and methods: This was a prospective study performed at five tertiary-care pediatric hospitals. We measured plasma MMP-2, MMP-3, and MMP-9 early during DKA (time 1; within 2 h of beginning intravenous fluids) and during therapy (time 2; median 8 h; range: 4-16 h). The primary outcome was MMP levels in 34 children with DKA vs. 23 children with type 1 diabetes without DKA. Secondary outcomes included correlations between MMPs and measures of DKA severity. Results: In children with DKA compared with diabetes controls, circulating MMP-2 levels were lower (mean 77 vs. 244 ng/mL, p < 0.001), MMP-3 levels were similar (mean 5 vs. 4 ng/mL, p = 0.57), and MMP-9 levels were higher (mean 67 vs. 25 ng/mL, p = 0.002) early in DKA treatment. MMP-2 levels were correlated with pH at time 1 (r = 0.45, p = 0.018) and time 2 (r = 0.47, p = 0.015) and with initial serum bicarbonate at time 2 (r = 0.5, p = 0.008). MMP-9 levels correlated with hemoglobin A1c in DKA and diabetes controls, but remained significantly elevated in DKA after controlling for hemoglobin A1c (β = −31.3, p = 0.04). Conclusions: Circulating MMP-2 levels are lower and MMP-9 levels are higher in children during DKA compared with levels in children with diabetes without DKA. Alterations in MMP expression could mediate BBB dysfunction occurring during DKA.
Submitted 14 September 2015. Accepted for publication 17 December 2015 Diabetic ketoacidosis (DKA) is a frequent complication of type 1 diabetes mellitus in children, and cerebral injury is the most common serious complication of DKA (1) (2) (3) (4) . The pathophysiology of DKA-related cerebral injury is not well understood. Cerebral injury in DKA is characterized by vasogenic edema (5) , with an influx of fluid and possible influx of neurotoxic proteins into the central nervous system (CNS). The spectrum of cerebral injury ranges from clinically overt, life threatening events in <1% of DKA cases (3, 4, 6, 7) , to more subtle and common cerebral injury, manifested as permanent deficits in memory function (2, 8, 9) . Because DKA is characterized by profound systemic inflammation, it has been postulated that pro-inflammatory mediators may play a role in cerebral injury and vasogenic edema via disruption of the blood-brain barrier (BBB) (10, 11) . Identification of these mediators may allow for development of novel targeted therapeutics to prevent cerebral injury in children with DKA.
Matrix metalloproteinases (MMPs) have been implicated in the pathophysiology of disease states that are characterized by inflammation, oxidative stress, and cerebral injury (12) (13) (14) (15) (16) . Animal models of diabetes have suggested that increased MMP activity may be a mediator of increased BBB permeability (17) . MMPs are endopeptidases that break peptide bonds in tight junction proteins and endothelial basement membranes. MMP-2, MMP-3, and MMP-9 in particular have been shown to actively degrade tight junction proteins at the BBB (18, 19) . Tight junction complexes span intercellular clefts and are linked to the extracellular cytoskeleton to maintain structural integrity of the endothelial barrier (20) . Degradation of tight junction proteins increase BBB permeability, allowing fluid and blood-borne pro-inflammatory or neurotoxic proteins to enter the CNS (21) . In inflammatory diseases and following ischemic events, circulating MMP levels are increased both as a result of endogenous production in the CNS and of production by recruited neutrophils and mononuclear cells (22, 23) . Patterns of MMP expression differ according to disease process. For example, in neuroinflammatory lesions produced by lipopolysaccharide injection in animal models, MMP-3 and MMP-9 expression are markedly increased (24) . In contrast, in animal models of neuroinflammation resulting from ischemia, MMP-2 activity is increased in very early stages and appears to be responsible for early BBB disruption (25) . This is characterized by a decrease in MMP-2 and an increase in MMP-9 activity that results in secondary injury to the BBB microvasculature.
The pattern of circulating MMP levels can yield insight into underlying pathophysiological processes resulting in cerebral injury. In this study, we measured circulating MMP levels in children with DKA at two separate times within the first 24 h of presentation, and compared these with levels of MMPs in a group of children with type 1 diabetes without DKA. We correlated MMP levels with laboratory markers of DKA severity such as pH and serum bicarbonate levels to determine the relationship between disease severity and MMP levels.
Methods
This study was conducted as an ancillary study to the Pediatric Emergency Care Applied Research Network (PECARN) FLUID trial (U01HD062417, PIs: Kuppermann/Glaser). The FLUID trial is a factorialdesign, randomized-controlled trial comparing the effects of four fluid treatment protocols on both acute and long-term neurological and neurocognitive outcomes of DKA in children (26) .
FLUID study participants with DKA from five PECARN study sites were eligible for enrollment in the current ancillary study. Both the FLUID parent study and the current ancillary study were approved by the institutional review boards at each site in accordance with the Declaration of Helsinki. Informed consent was obtained from the guardians of all participants prior to participation, and assent was obtained from study participants themselves when possible according to local guidelines. Children with DKA were eligible for inclusion if they were younger than 18 yr old, had serum glucose concentrations >300 mg/dL and either venous pH < 7.25 or serum bicarbonate concentrations <15 mmol/L. Children were excluded from participation in the following circumstances: (1) pre-existing neurological disease that impacted mental status determination or neurocognitive examination; (2) conditions that affected neurological function and assessment (e.g. alcohol or drug use, head trauma, meningitis); (3) transfer to a PECARN site after administration of more than 10 mL/kg IV fluid bolus; (4) known pregnancy; (5) two or more previous enrollments in the FLUID study; (6) treating physician believed a specific treatment regimen was warranted; (7) patient had been receiving IV fluids at weight-based maintenance rate or greater for more than 2 h, or (8) more than 4 h elapsed since initiation of DKA therapy (IV fluids or IV insulin).
We collected blood samples from children with DKA at two time points (1) time 1: within 2 h of emergency department presentation with DKA and (2) time 2: during DKA therapy. The sample collected during DKA therapy was targeted to occur 8 h after IV fluid therapy was initiated, but allowed for a range of 4-16 h so sampling could coincide with routine phlebotomy for clinical care. For each participant, we recorded the following laboratory variables from the first serum sample collected: pH, glucose, bicarbonate, sodium, blood urea nitrogen (BUN), partial pressure of carbon dioxide (pCO 2 ), and peripheral white blood cell (WBC) count.
We recruited a comparison group of children with type 1 diabetes without recent DKA (diabetes controls) from the Pediatric Endocrinology clinic at Hasbro Children's Hospital. Children were eligible as diabetes controls if they were younger than 18-yrold, had established diabetes of over 1-yr duration, were undergoing phlebotomy for routine diabetes care and had no DKA episodes within the preceding 3 months (determined by review of medical records and confirmed with the treating endocrinologist). Phlebotomy occurred following the clinic visit.
Blood samples were cooled, centrifuged within 20 min of collection, and the plasma layer was separated and stored. At secondary sites, DKA samples were stored in a −20
• C freezer before shipping.
Samples were subsequently shipped to the primary site on dry ice, and stored at −80 • C until analyzed.
MMP assays were performed within 1 yr of plasma collection, and therefore no significant degradation of MMP would be expected in this timeframe (27) . We used enzyme-linked immunosorbent assays (ELISA) to measure MMP-2, MMP-3, and MMP-9.
Statistical analysis
We performed all statistical analyses using Stata 12.0 (StataCorp. 2011, College Station, TX, USA). Protein concentrations were expressed as means ± standard deviations (SD). We performed comparisons for data using the Mann-Whitney U test. We analyzed paired protein levels (sample 1 and sample 2 in the DKA group) using the Wilcoxon signed-rank test for comparisons. We measured correlations between MMP levels at different time points and between MMP levels and laboratory measures (pH, glucose, bicarbonate, sodium, BUN, and pCO 2 ) using Pearson's correlation coefficient. We inspected non-linear relationships and potential outliers visually and by leave-one-out analyses. For all comparisons, we considered differences to be statistically significant when p-values were <0.05.
We conducted subanalyses to determine if differences in chronic glycemic control between children with DKA and diabetes controls affected MMP levels. The subanalyses included the following factors as covariates: (1) new onset vs. known diabetes; (2) differences in length of time since diagnosis; and (3) differences in most recent hemoglobin A1c measurements.
Results
We measured MMP-2 and MMP-3 levels in 34 children with DKA and 23 diabetes controls. Based on remaining sample availability, MMP-9 levels were measured in 19 children with DKA and 17 diabetes controls (see Fig. 1 ). Diabetes controls and children with DKA were similar in age (12.2 vs. 12.1 yr, p = 0.86) and gender (60% male vs. 56% male, p = 0.75). Relevant biochemical data for patients with DKA are presented in Table 1 .
Intravenous access was discontinued in 8 of the 34 children prior to collection of the second blood sample (2 of the 19 children in the subset for whom MMP-9 was measured). The severity of DKA in children with only one sample did not differ from that of children with two samples (pH at presentation 7.12 vs. 7.15, p = 0.43; serum glucose 537 vs. 539 mg/dL, p = 0.98; serum bicarbonate 9.3 vs. 10.2 mEq/L, p = 0.51).
Circulating MMP-2 levels were significantly lower in children with DKA compared with diabetes controls at time 1 (mean 77 vs. 244 ng/mL, p < 0.001, Fig. 2 ). In children with DKA, MMP-2 levels rose during DKA treatment (time 2; mean = +31 ng/mL, SD ± 60 ng/mL, r = 0.47, p = 0.03), but remained significantly lower (mean 112 ng/mL) than values from diabetes controls (p < 0.001). Correlation between circulating MMP levels and serum biomarkers of DKA severity measured at first blood draw are presented in Table 2 . Lower MMP-2 levels at both time points were significantly correlated with the severity of acidosis (lower pH) at presentation of DKA (time 1; r = 0.45, p = 0.008, time 2; r = 0.47, p = 0.015, see Fig. 3 ). MMP-2 levels were not correlated with the initial (presentation) serum bicarbonate at time 1, but at time 2 MMP-2 levels were correlated with the initial serum bicarbonate (r = 0.51, p = 0.008). Correlations between MMP-2 levels and serum glucose, sodium, BUN, or pCO 2 did not reach the level of statistical significance.
Circulating MMP-3 levels were not significantly different in children with DKA compared with diabetes controls at time 1 (mean 5 vs. 4 ng/mL, p = 0.81, Fig. 4 ), but were significantly higher at time 2 (mean 8 vs. 4 ng/mL, p = 0.013). In children with DKA, circulating MMP-3 levels increased slightly during therapy (mean = +2.8 ng/mL, SD ±5.2 ng/mL, r = 0.93, p = 0.009). MMP-3 levels were negatively correlated with presenting serum sodium concentrations for Fig. 1 . Shown is the number of assays for the three matrix metalloproteinases (MMPs) that were performed in the diabetic ketoacidosis (DKA) and diabetes control groups based on the volume of blood available. In the DKA group, the number of participants with only a time 1 sample (intravenous access discontinued prior to second sample) vs. both time 1 and time 2 samples is shown. children with DKA at time 1 (r = −0.43, p = 0.011) and time 2 (r = −0.52, p = 0.007). There were no other significant correlations between MMP-3 levels and serum pH, glucose, bicarbonate, BUN, or pCO 2 . Circulating MMP-9 levels were significantly higher in children with DKA compared with diabetes controls at time 1 (mean 67 vs. 25 ng/mL, p < 0.001, Fig. 5 ) and remained elevated at time 2 (mean = 59 ng/mL, p = 0.009). MMP-9 levels measured at time 1 and time 2 during DKA were not significantly different (p = 0.38). In children with DKA, there were no significant correlations between MMP-9 concentrations and DKA laboratory measures including serum pH, glucose, bicarbonate, sodium, BUN, or pCO2. Among children with DKA, there were no significant differences in circulating MMP levels at time 1 between children with new-onset diabetes (n = 12) and children with known diabetes [MMP-2 (mean 77 ± 40 vs. 78 ± 42 ng/mL; p = 0.91), MMP-3 (mean 3 ± 2 vs. 6 ± 9 ng/mL; p = 1.0), MMP-9 (mean 60 ± 29 vs. 71 ± 47; p = 0.90)]. There were also no significant differences at time 2 [MMP-2 (mean 111 ± 67 vs. 112 ± 68 ng/mL; p = 0.92), MMP-3 (mean 6 ± 3 vs. 10 ± 14 ng/mL; p = 0.73), MMP-9 (mean 54 ± 12 vs. 63 ± 58; p = 0.59)]. Time since diabetes diagnosis was similar in controls and children with DKA who had known diabetes (mean 5.2 vs. 4.5 yr, p = 0.93). Diabetes controls had lower hemoglobin A1c levels than children with DKA who had known diabetes [mean 9.3% (78.15 mmol/mol) vs. 10.6% (92.36 mmol/mol), p = 0.03]. MMP-9 levels at time 1 were correlated with hemoglobin A1c (r = 0.54, p = 0.003). There were no other significant correlations between MMP levels and hemoglobin A1c levels. In regression models controlling for hemoglobin A1c, the difference in MMP-9 levels at time 1 between children with DKA and diabetes controls remained significant (β = −31.3, p = 0.04). Fig. 4 . Plasma matrix metalloproteinase (MMP)-3 levels are presented for diabetes controls (n = 23), children with diabetic ketoacidosis (DKA) at presentation (time 1) (n = 34), and children with DKA during therapy (time 2) (n = 26). Box plots show the interquartile range (IQR) (shaded box), median (box center line) with fences extending to 1.5 times the IQR. Circulating MMP-3 levels were similar in children with DKA compared with diabetes controls at time 1 (mean 5 vs. 4 ng/mL, p = 0.81), but were significantly higher at time 2 (mean 8 vs. 4 ng/mL, p = 0.013).
Discussion
Circulating MMP-2 levels are reduced while MMP-9 levels are elevated in children with DKA compared with children with diabetes but without recent DKA. These changes in MMP expression during DKA could mediate BBB dysfunction, contributing to the vasogenic cerebral edema frequently observed during DKA treatment (5) . The finding of decreased circulating MMP-2 levels is surprising as DKA is associated with systemic inflammation (28) (29) (30) , and inflammatory diseases typically are associated with elevated levels of both MMP-2 and MMP-9 [including multiple sclerosis (13) , rheumatoid arthritis (14) , and systemic lupus erythematosus (14) , bacterial meningitis (15), and Guillain-Barré syndrome (16)]. Patients with type 1 diabetes who are not in DKA have also been shown to have elevated circulating levels of MMP-2 and MMP-9 compared with individuals without diabetes (31) . The underlying reason for MMP elevation in diabetes is not known, but may reflect the general state of inflammation in diabetes (28) (29) (30) .
The mechanism underlying the reduction in circulating MMP-2 is unclear. Most inflammatory disease states do not demonstrate this pattern, but similar alterations have been described in ischemic stroke (32) (33) (34) . During ischemic injury, cerebrovascular endothelial cells are the major source of circulating MMP-2 (35) . Dynamic reductions in circulating MMP-2 often reflect either rapid degradation of circulating MMP-2, or distribution of MMP-2 to areas of active tissue remodeling (36) . Prolonged hyperventilation has been hypothesized to be a factor causing cerebral hypoperfusion (37). Although we did not observe a significant correlation between MMP-2 levels and serum pCO 2 levels, the small sample size may have limited the power to achieve statistical significance. Circulating MMP-2 concentrations, however, were positively correlated with serum pH. The correlation between circulating MMP-2 levels and initial pH was relatively constant at later time points during DKA therapy, indicating that the trigger for dynamic changes in MMP-2 concentrations precedes DKA therapy.
In contrast to circulating MMP-2 concentrations, circulating MMP-9 levels were higher in children with DKA compared with diabetes controls and remained elevated throughout the time period when DKA-related cerebral injury frequently occurs. Circulating MMP-9 concentrations frequently increase in systemic inflammatory conditions (38) . Vascular MMP-9 production is increased in response to hyperglycemia (39) . Hyperglycemia itself, however, does not appear to be a direct cause of BBB dysfunction because attenuation of hyperglycemia via insulin administration does not decrease BBB permeability (17) . MMP-9 expression is increased in response to advanced glycation end products in states of chronic hyperglycemia (40) , consistent with our subanalysis showing the associations between hemoglobin A1c and MMP-9 levels. Even after accounting for this association, however, children with DKA continued to have significantly higher levels of circulating MMP-9 when compared with diabetes controls. Systemic leukocytosis with neutrophil predominance can also result in high concentrations of circulating MMP-9 (41). Children in our study had substantial leukocytosis, similar to that documented previously in other studies of children with DKA (30) ( Table 1) .
Although circulating MMP-3 levels were statistically elevated in DKA patients at time 2 in comparison to diabetes controls, the clinical significance of this elevation is difficult to interpret given the overall low peak circulating levels in both groups. MMP-3 production is more often localized to sites of cerebral inflammation (specifically astrocytes) without concomitant increases in circulating concentrations (42, 43) . The low levels of circulating MMP-3 do not preclude a role for MMP-3 in the pathophysiology of DKA-related cerebral injury, however, as other investigators have shown isolated intrathecal production of MMP-3 in cerebral injury without associated increases in circulating plasma MMP-3 levels (42).
Study limitations
The sample size in this exploratory study was relatively small and this limited our ability to detect significant correlations, particularly between metabolic alterations caused by DKA and MMP levels. In addition, the comparison between newly diagnosed patients and patients with known diabetes did not show any statistically significant differences in MMP levels; however, because of the small sample size, we cannot exclude those differences exists. The measurement of MMP activity in specific tissues is not feasible in human subjects, and thus, our studies cannot confirm causality of BBB dysfunction during DKA. Finally, because children present with variable durations of DKA (44) , our data do not allow us to precisely time changes in MMP levels in relation to the onset of DKA.
Conclusion
Circulating MMP-2 levels are lower and MMP-9 levels are higher in children with DKA than in children with diabetes without DKA. Future studies are needed to examine associations between changes in MMP concentrations and neurological injury resulting from DKA in children, as well as to explore the potential role of MMP inhibitors in reducing such injury.
